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Research Paper ■
Evaluating the Capability of
Information Technology to
Prevent Adverse Drug
Events:  A Computer
Simulation Approach
A b s t r a c t Background: The annual cost of morbidity and mortality due to medication errors
in the U.S. has been estimated at $76.6 billion. Information technology implemented systematically
has the potential to significantly reduce medication errors that result in adverse drug events
(ADEs). 
Objective: To develop a computer simulation model that can be used to evaluate the effectiveness
of information technology applications designed to detect and prevent medication errors that result
in adverse drug effects. 
Methods: A computer simulation model was constructed representing the medication delivery
system in a hospital. STELLA, a continuous simulation software package, was used to construct the
model. Parameters of the model were estimated from a study of prescription errors on two hospital
medical/surgical units and used in the baseline simulation. Five prevention strategies were simu-
lated based on information obtained from the literature. 
Results: The model simulates the four stages of the medication delivery system: prescribing, tran-
scribing, dispensing, and administering drugs. We simulated interventions that have been demon-
strated in prior studies to decrease error rates. The results suggest that an integrated medication
delivery system can save up to 1,226 days of excess hospitalization and $1.4 million in associated
costs annually in a large hospital. The results of the analyses regarding the effects of the interven-
tions on the additional hospital costs associated with ADEs are somewhat sensitive to the distribu-
tion of errors in the hospital, more sensitive to the costs of an ADE, and most sensitive to the pro-
portion of medication errors resulting in ADEs. 
Conclusions: The results suggest that clinical information systems are potentially a cost-effective
means of preventing ADEs in hospitals and demonstrate the importance of viewing medication
errors from a systems perspective. Prevention efforts that focus on a single stage of the process had
limited impact on the overall error rate. This study suggests that system-wide changes to the med-
ication delivery system are required to drastically reduce mediation errors that may result in ADEs
in a hospital setting. 
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Based on the Harvard Medical Practice study of 51
hospitals in the state of New York1,2 and a sample of
hospitals in Utah and Colorado,3 the Institute of
Medicine (IOM) estimated that between 44,000 and
98,000 deaths occur in the U.S. each year as a result of
medical errors.4 Although the exact number of deaths
due to medical errors is a subject of debate,5,6 meta-
analyses of 39 prospective studies performed in the
U.S. between 1966 and 1996 indicated that even when
drugs are properly prescribed and administered,
adverse drug reactions may rank between the fourth
and seventh leading cause of deaths in the U.S.,
exceeding car accidents, suicide, homicide, or AIDS.7
The Harvard Medical Practice study found that the
top cause of adverse events in hospitalized patients
was drug complications, which accounted for 19 per-
cent of the adverse events.2 An ADE is defined as “an
injury resulting from medical intervention related to
a drug.”8 A recent study found that the rate of ADEs
was 6.5 per 100 hospital admissions. Errors were
detected at every stage of the process: ordering
(56%), transcription (6%), dispensing (4%), and
administration (34%).8,9 The severity of the adverse
drug events was 1% fatal, 12% life-threatening, 30%
serious, and 57% significant. Other studies of hospi-
tals in Utah and Colorado,3 pediatric inpatients,10
and hospital intensive care units,11 have also found
high rates of ADEs. 
Deaths due to medication errors in the U.S. may be
increasing. One study found a 2.57-fold increase in
deaths attributed to medication errors between 1983
and 1993.12 One factor that may account for this
increase is the shift from inpatient to outpatient
care.13 During this decade, inpatient days fell by 21
percent while outpatient visits increased by 75%.
Studies of hospitalized patients indicate that serious
adverse drug events increase the length of hospital
stay and costs. One study estimated the additional
length of stay associated with an ADE was 2.2 days;
the increase in cost associated with an ADE was
$3,244.14 Based on these costs and incidence rates of
ADEs, it was estimated that the annual costs attrib-
uted to all ADEs for a 700-bed hospital were $5.6 mil-
lion. A second study conducted at LDS Hospital in
Salt Lake City estimated that the extra length of hos-
pital stay attributable to an ADE was 1.74 days,
whereas the extra cost of hospitalization was esti-
mated to be $2,013 per patient.15 During one year of
the study a total of 567 ADEs were detected. The
direct hospital costs associated with these ADEs were
$1.1 million. Over the four years of the study excess
hospital costs due to ADEs were estimated at $4.5
million. The total annual cost of morbidity and mor-
tality due to drug-related errors in the U.S. has been
estimated at $76.6 billion.16
Most hospitals rely on voluntary reporting which
may result in the detection and reporting of only
5–10% of ADEs.17–20 At the same time, the increasing
availability of computerized information systems in
hospitals makes it possible to develop and imple-
ment automated surveillance systems to detect
ADEs.21–23 Moreover, computerized physician order
entry systems reduce medication errors and may
reduce adverse drug event rates.24–29
In health care settings efforts to reduce errors tradi-
tionally have focused on training rules and sanctions.
In contrast, a human factors approach advocates
changing the system to reduce the likelihood that an
error will occur and to permit the detection and inter-
vention before the error causes harm to a patient.9,30
From this perspective errors can be viewed as a
measure of the quality of the medication delivery
system. As such, error rates are a measure of the rate
of the system’s failures.31
Two studies of medication errors have used a sys-
tems approach. In a study of two hospitals in Boston,
medical errors that resulted in adverse drug events or
potential ADEs were classified according to proximal
cause and underlying system failures.9 Sixteen causes
of system failures were identified, including lack of
knowledge of the drug or the patient; transcription
errors; faulty drug identification and dose checking;
failure to check for allergies; and failure to track med-
ication orders. Half of the 16 types of system failures
could have been prevented by providing better, time-
lier information. 
More recently, the Institute for Safe Medication
Practices sponsored a nation-wide test of hospital
pharmacy systems to identify and prevent serious
drug-related errors.32 During the test, actual prescrip-
tions that had caused serious injury or death to
patients were entered into the system. Only a small
percentage of errors were detected by the existing
hospital pharmacy systems. Some of the system prob-
lems identified included lack of integration between
the physician order entry and pharmacy systems, lack
of integration between the laboratory and medication
order systems, no clinical order screening capability,
and complex order entry systems.
In the present study, we describe a computer simula-
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tion model that can be used to estimate the effective-
ness of information system applications designed to
detect and prevent medication errors that result in
ADEs. The model was constructed using a systems
approach that identifies components of the medica-
tion delivery system that make errors more likely to
occur and more difficult to detect and prevent. It pre-
dicts the number of errors at each step in the medica-
tion delivery system, the number of associated ADEs,
the extra number of days of hospitalization, and the
excess costs of hospitalization attributable to ADEs. 
Simulation was used because the medication deliv-
ery system in a hospital is complex and difficult to
investigate in its entirety with more traditional meth-
ods. By building a computer model representing the
system, we can simulate the behavior of the system
over time and the effects of changes in the system’s
structure without disrupting the actual practice set-
ting.33 Several earlier studies have used simulation to
study the causes of medical errors. One study used
discrete event simulation to estimate transcription
errors in order entry into a hospital information
system.34 Another study used a simulation system
based on information processing theory to study
errors in chemotherapy administration.35–36
Methods
Hospital Setting
The study was performed in a large private teaching
hospital. The hospital had implemented the TDS HC
4000 hospital information system. During hospital-
ization, all patient data were entered into the com-
puter system, creating an electronic medical record.
Nursing units were equipped with three to seven
computer terminals linked to the HIS. Physicians,
nurses, unit secretaries, and other authorized person-
nel entered and retrieved patient information using
these terminals.
At the time of this study, 91% of medication orders
were written by physicians. All written orders were
transcribed and entered into the computerized hos-
pital information system by hospital ward clerks.
Physicians entered 9% of their orders directly into
the system; ward clerks entered 81% of orders; other
clinical personnel, such as physician assistants,
entered the remaining 10%. Medication orders were
printed out in a centralized pharmacy where the
drugs were dispensed and transported to the wards
for administration.
Data Collection
The quality assurance records for the previous 12
months in the central pharmacy were used to obtain
initial data about the number of medication errors
that were detected prior to this study by a voluntary
reporting system. To collect baseline data about med-
ication errors, a pharmacy committee designed a
report form. A list of types of mediation errors was
adapted from previous published studies.37–41 An
experienced registered pharmacist was assigned full-
time to the project to supervise and assist with the
data collection on two medial/surgical units. During
the day and evening shift for a 12-week period, every
medication order written by a physician and entered
into the HIS by a unit secretary was verified. A total
of 6,966 drug orders were reviewed. When an error
was detected, the pharmacist completed a form that
identified the prescribing physician, unit secretary
and/or nurse involved with the order, the nature of
the incident, and the action taken to correct the error.
When necessary, the physician who wrote the order
was contacted. Hospital pharmacists were also avail-
able for consultation on the units during the day and
evening shifts. They recorded information about all
consultations. No chart reviews were performed in
this study, nor was it possible to study actual adverse
drug events that occurred in the hospital. 
Analysis
A classification scheme was developed to classify the
types of medication errors and their severity.37–41
During the previous 12 month period, only 48 med-
ication errors or one error per 1,000 drug orders were
reported throughout the entire hospital under the
voluntary reporting system. During the 12-week
study period when all drug orders on the two hospi-
tal units were reviewed, pharmacists detected 227
errors. This represented a rate of 32 errors per 1,000
orders. Rates of medication errors for the two hospi-
tal units are shown in Table 1.
On Four North, 85% of the errors were made in tran-
scribing the physicians’ orders and entering them into
the medical information system. Physicians made
errors in writing prescriptions in 13% of cases. The other
2% of errors were made in administering medications.
On the second Unit, Four South, 81% of the errors
involved transcription of drug orders by ward clerks.
Physicians’ prescription errors amounted to 15%,
whereas errors in dispensing and administering
medications each amounted to 2% of the total errors. 
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Medication errors were classified by their potential
severity (Table 2). On both hospital units, over 70% of
the errors were classified as problem orders. Orders
were classified as problems if they involved dupli-
cate therapy without the potential for adverse effects
on the patient; lacked specific dose, dosage strength,
route, or frequency information that would not have
harmed the patient; or an incorrect order was written
that was unlikely to be carried out. 
Eighteen percent of the errors on both units were
potentially significant. Potentially significant errors
involved orders that specified a high dose of 1.4–4
times the normal dose of a medication that had the
potential for an adverse effect; the dose was inade-
quate to produce the intended therapeutic effects; an
illegible order, wrong medication or wrong route was
specified that may have resulted in adverse effects or
inadequate therapy. 
Six percent of the medication errors were potentially
serious. These errors might have resulted in serious
toxic reactions or inadequate therapy for a serious ill-
ness. Medication errors classified as potentially seri-
ous included a high dose of a medication 4–10 times
the normal dose that potentially would have resulted
in a serious toxic reaction; a dose ordered for a drug
used for a serious illness that was too low for a
patient; the wrong medication was ordered with the
potential for a serious toxic reaction; an illegible
order or duplicate order with the potential for a seri-
ous toxic reaction.
The last category of medication errors was poten-
tially fatal and might have resulted in the death of the
patient. On Four South, 4% of the errors were classi-
fied into this category. Potentially fatal errors
included an order for a medication with a low thera-
peutic index that was greater than ten times the
normal dose; a dose of a medication that would
potentially result in pharmacologic effects or serum
concentrations associated with fatal toxic reactions; a
drug that had the potential to produce a life-threat-
ening reaction in the patient; and a dose of a life-
saving drug that was too low for the patient.
The coding of the types of errors and their severity
was verified by a second registered pharmacist to
ensure reliability. Also, similar results obtained on
two separate medical/surgical units provide addi-
tional evidence of the reliability of the estimates of
error rates used in this study. 
The Computer Simulation Model
Simulation
A dynamic computer simulation model was con-
structed to model hospital medication errors using
STELLA, a graphically-based, continuous simulation
software package.42,43 Continuous simulation models
are used when the system under investigation con-
sists of a continuous flow of information, material,
resources, or individuals and the system is dynamic,
changing over time.33 The system under investigation
is characterized in terms of state variables and control
variables. State variables indicate the status of impor-
tant characteristics of the system at each point in time.
Examples of these variables include people, other
resources, and information, such as the cumulative
number of medication orders that have been written
on a hospital unit at any time during the simulation.
Control variables are rates of change and update the
value of state variables in each time period. An exam-
ple of a control variable is the number of new med-
ications orders written per time period.
Components of the system are dynamic, may interact
with each other, and may involve positive and nega-
tive feedback processes. The current model assumes
that error rates at the prescription and transcription
stage change nonlinearly over the period of time
modeled as more physicians adopt interventions one
and two. When relationships are nonlinear, the
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Table 1 ■
Types of Errors Detected on Two Hospital Units







Severity of Medication Errors Detected on Two
Medical/Surgical Hospital Units
Severity Four North(%) Four South (%)
Problem 76 72
Significant 18 18
Potentially Serious 6 6
Potentially Fatal 0 4
Total 100 100
system may exhibit complex, dynamic behavior over
time. The mathematical model that underlies the sim-
ulation usually consists of a set of differential or finite
difference equations. Numerical solutions of the
equations that make up the model allow investiga-
tors to construct and test models that cannot be
solved analytically.
The model, shown in Figure 1, assumes that medica-
tion orders are written or directly entered into the
hospital information system by physicians. Written
orders are transcribed by ward clerks on the medical-
surgical units. Once entered medication orders are
transmitted directly to a central pharmacy where
they are printed. After a check by a pharmacist, med-
ications are dispensed and transported to the nursing
unit. Registered nurses administer the medications to
the patient.
The simulation begins by generating 4,060 medica-
tion orders, the average number of medication orders
written by physicians each week on 14 hospital med-
ical/surgical units. Based on the analysis of medica-
tion orders on the two hospital units, it was assumed
that error rates at each stage of the process were vari-
able and distributed normally. Means and standard
deviations for error rates are shown in Table 3.
For example, at the prescription stage the error rate
applied to the new medication orders is generated
randomly from a normal distribution with a mean
error rate of 4.6 errors per 1,000 medication orders
and a standard deviation of 2.0. Orders without pre-
scription errors move to the transcription stage, where
a random error rate based on a mean of 27.0 tran-
scription errors per 1,000 orders and a standard devi-
ation of 10 is applied to the orders. This process is
repeated for the dispensing and administration
stages. The model assumes that an error that occurs at
one stage of the process (e.g., prescription) does not
propagate through the system, causing compound
errors or multiple errors on the same drug order.
The model assumes that on the average an ADE
results in 2.2 additional days of hospitalization. The
cost of the additional days of hospitalization was esti-
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F i g u r e  1 Systems model
of a hospital medication
delivery system.
mated to be $2,595 on average. These estimates were
based on the results of two published studies.14–15
Two estimates were made of the number of ADEs
and associated excess days of hospitalization and
associated costs. The higher estimate assumed that
26% of the medication errors that could have resulted
in serious toxic reactions or inadequate treatment
would have resulted in ADEs if not detected and cor-
rected. The low estimate assumed that only the 8% of
drug errors that were potentially serious or fatal if
undetected would have resulted in ADEs.
The simulation was run for a 52 week period with
these baseline parameter estimates. Next, five strate-
gies designed to reduce medication errors and poten-
tial ADEs were simulated for the same period of time. 
Simulation of Prevention Strategies
First, the actual medication delivery system in the
hospital was simulated, using the error rates
obtained from the pharmacy study. Next, four simu-
lations were performed with hypothetical changes in
the system designed to prevent medication errors.
Error rates for these simulations were obtained from
the literature. Finally, a fifth simulation was per-
formed assuming changes were made at all four
stages of the process in order to prevent medication
errors from occurring. 
Intervention 1:
Provision of Information at the Prescribing Stage
The first intervention involved computerized prescrib-
ing. Errors may occur at every stage of the medication
process, but our study and others indicated that a sig-
nificant number of errors are made during ordering.
These errors are most likely to result in serious adverse
drug events. Efforts to change physician decision-
making regarding the prescription of drugs, such as
dissemination of educational material, lectures, and
drug detailing by clinical pharmacists and consulta-
tion, have had short-term success.44 Computerized
prescribing systems are potentially more effective.
The first intervention simulated was the implementa-
tion of a computer-based system that provides dosing
information about drugs at the time orders are writ-
ten. Such a system decreases the likelihood that an
error will occur by facilitating access to information at
the time the physician orders medications. Based on
the low physician use of the order entry feature of the
HIS at this hospital, the model assumes that over the
course of one year, 50% of the physicians will gradu-
ally adopt the system in ordering medications and
that this would result in an overall 20% reduction in
prescription errors. It was also assumed that error
rates at the other stages of the process would remain
the same as in the baseline simulation.
Intervention 2: Physician Computer Order Entry
The second intervention involved computerized
physician order entry. Many hospitals in the U.S. uti-
lize ward clerks, unit secretaries or nurses to enter
physician orders into computer-based information
systems. At the same time, direct physician order
entry into the system can significantly reduce med-
ication errors by reducing transcription errors due to
the illegibility of written orders.45
This study found that ward clerks made over 80% of
the errors in transcribing physicians’ written orders.
Anderson and others46 demonstrated that by encour-
aging physicians to develop personal order sets, the
percentage of medical orders directly entered into the
medical information system could be significantly
increased in a teaching hospital. An earlier computer
simulation estimated that elimination of the need for
transcription of medical orders could reduce errors by
as much as 40%.34 One study at Brigham and Woman’s
Hospital found that if all medical orders were entered
on-line by physicians, 58% of all adverse events would
be identifiable and potentially avoidable.8
The second intervention involved the implementa-
tion of a physician order entry system that permitted
physicians to enter their own orders directly into the
hospital information system. Because it was assumed
that by the end of the first year of implementation
only 50% of the drug orders would be directly
entered into the information system by physicians, it
was assumed that the overall transcription error rate
would be reduced by 30%.
Intervention 3: Pharmacy System
The third intervention involved the implementation
of a unit dosing system. Pharmacy medication sys-
tems such as unit dosing can reduce medication
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Table 3 ■






errors. These systems dispense most medications
from the pharmacy in a single unit or unit-dose pack-
age that is ready to be administered to the patient.
One study found that a unit dosing system reduced
medication errors by over 80%.47,48 Based on these
studies the third intervention assumed that the imple-
mentation of a unit dosing system would reduce dis-
pensing errors on average by 80%. Other rates for pre-
scribing, transcribing, and administering medications
were assumed to remain at baseline levels. 
Intervention 4:
Automated Medication Dispensing Systems
Bar-coding of medications can lead to a reduction in
errors at the administration stage. This practice has the
potential to eliminate most errors involving drug sub-
stitutions. It improves tracking of medications that are
administered and when they are given.49 The fourth
intervention involved the implementation of a bar
coding system to prevent errors frequently made in
administering medications on the hospital units. It
was assumed that such a system, once implemented,
could reduce administration errors on average by 60%.
Intervention 5:
Comprehensive Medication Delivery System
Bates has outlined a comprehensive medication
delivery system that would include many of the pre-
vention strategies outlined.47,50 The system would
involve the use of a computerized order-entry system
that would provide patient and medication informa-
tion to the physician when medications are being pre-
scribed. Direct order entry into the information
system would significantly reduce transcription
errors. The information system would transmit med-
ication errors directly to the pharmacy where addi-
tional checks would be performed. Medications, as
far as possible, would be dispensed at a point-of-care
distribution system. When nurses administered a
medication, they would scan a bar code to document
that the correct medication had been administered.
The fifth intervention involved implementation of all
four strategies to prevent errors at each stage of the
hospital medication process. All four error rates were
modified based on the assumptions described above. 
Results
The model was used to simulate the medication
delivery system on 14 medical-surgical units in a
teaching hospital. Tables 4 and 5 and Figures 2–7
show the results of the baseline run and the five runs
that simulate potential information system applica-
tions designed to prevent medication errors. The
baseline simulation generated a total of 195,392 drug
orders over a 52-week period. A little over 4% of
these orders involved errors. Almost 64% of these
errors were made in the transcription stage. The
model estimated that medication errors, if unde-
tected, would result in 1,400–2,115 adverse drug
events, a rate that ranges from 3.3 to 10.8 ADEs per
1,000 medication orders. The resulting additional
days of hospitalization were estimated to cost
between $1.6 and $5.5 million per year.
A sensitivity analysis was performed on the baseline
parameters. Prescription error rates were varied by
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Table 4 ■
Errors by Stage of the Medication Delivery System
Run Prescription Transcription Dispensation Administration Total Errors Total Orders
BL 948 5,220 868 1,099 8,136 195,392
1 747 5,063 853 1,050 7,714 195,286
2 1,016 4,050 881 1,151 7,099 195,245
3 924 5,352 247 998 7,523 195,324
4 931 5,457 842 451 7,680 195,268
5 747 4,055 836 354 5,,993 195,196
Table 5 ■
Rates of Medication Errors and ADEs per 1,000
Orders by Intervention
Medication ADEs ADEs
Run Errors Low Estimate High Estimate
BL 41.6 3.3 10.8
1 39.5 3.4 10.3
2 38.3 2.8 9.4
3 38.5 3.2 10.0
4 39.3 2.9 10.2
5 30.7 2.4 7.9
±20% with little effect on the outcomes of the simula-
tion. Changes in the estimates of the total cost of the
additional days of hospitalization that resulted from
ADEs ranged from 2% to 5%. The model is more sen-
sitive to the estimate of the average cost of the addi-
tional days of hospitalization due to ADEs. Using the
cost estimate from the LDS hospital study, the model
estimated that the annual cost of ADEs would be
about $4.3 million, which is similar to the estimate of
$4 million in our study. When the higher cost estimate
from the Harvard study was used, annual costs were
estimated to be $6.8 million. Finally the model esti-
mates are most sensitive to the assumption concern-
ing what percentage of errors that result in ADEs. Two
percentages were used in this study, 8 % and 26%.
The first intervention simulated was the implementa-
tion of a clinical information system that provides
dosing information, parameters about drugs at the
time orders are written, and warnings about exces-
sive doses and drug-drug interactions. Such a system
decreases the likelihood that an error will occur by
facilitating access to information at the time that the
physician orders drugs.
This intervention by itself failed to significantly
reduce the overall error rate and ADE rate. While this
intervention resulted in about a 21% reduction in pre-
scription errors, total errors were only reduced by
about 5%. The model predicts that as many as 2,000
ADEs may occur resulting in 4,412 excess days of
hospitalization costing over $5.2 million annually.
The second intervention involved implementation of
a physician order entry system. The simulation esti-
mates that this strategy could reduce medication
errors to 38.3 and ADEs to about 9.4 per 1,000 med-
ication orders. However, the total number of errors
was reduced by only about 4%. Overall excess days
of hospitalization could be reduced by as much as
600 days and the associated costs by as much as
$213,000 to $700,000 annually.
The third intervention simulated involved the imple-
mentation of a unit dosing system in the central hos-
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pital pharmacy. These systems reduce medication
errors by dispensing medications in a single unit or
unit-dose package that is ready for administration to
the patient. The model predicts that the implementa-
tion of a unit-dose system would reduce medication
errors at the administration stage by only about 9%.
The overall affect on the error rate and ADE rate is
small. The model estimates that at most this inter-
vention would reduce excess hospital days by 350
and annual costs by $413,442.
The fourth prevention strategy simulated involved
bar-coding of medications. This intervention could
reduce errors when medications are administered
and provide more complete documentation of med-
ications that are administered. The model estimates
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F i g u r e  5 Estimated additional
days of hospitalization by interven-
tion: High estimate.
F i g u r e  7 Estimated additional
hospital costs by intervention: High
estimate.
F i g u r e  6 Estimated additional
hospital costs by intervention: Low
estimate.
that this prevention strategy would reduce only
slightly the overall medication error rate and associ-
ated ADEs. Days of hospitalization would be reduced
by less than 300 and associated costs by about
$300,000 or less annually.
The final run simulates the effects of implementing
the comprehensive medication delivery system pro-
posed by Bates.47,50 The model estimates that errors
would be reduced at all stages of the medication
delivery system. Medication error rates and associ-
ated ADEs could be reduced by over 26%. It is esti-
mated that a comprehensive information system
could detect and prevent over 2,000 medication
errors a year. The final implementation of an infor-
mation system would have a substantial effect reduc-
ing excess hospital days by 1,226 and saving the hos-
pital $1.4 million in related costs annually.
Discussion
This study estimated the effectiveness of several
computerized information system applications
designed to detect and prevent medication errors
that result in ADEs. The cost-effectiveness of these
systems needs to be documented since current vol-
untary reporting systems for ADEs detect only a frac-
tion of such events.17–20 The voluntary reporting
system in the hospital that we studied detected only
1 medication error per 1,000 drug orders. Our study
revealed an error rate of 32 per 1,000 medication
orders. It was estimated that over 8,000 medication
errors occur on 14 medical-surgical units each year.
The study that we performed estimated the fre-
quency and types of medication errors in a specific
hospital. These rates were used in the model to esti-
mate ADEs, additional days of hospitalization, and
associated hospital costs. The distribution of types of
errors found in this hospital differed from other pub-
lished studies in part because of the method we used
to detect medication errors and in part because of the
use of minimally trained ward clerks to transcribe
physicians’ written orders. 
Based on error rates from our study of medical/sur-
gical units at the teaching hospital and published
estimates of the effects of ADEs on length of stay and
hospital costs, a computer simulation model was
developed. The model estimated that, under the cur-
rent system, ADEs annually result in from 1,400 to
4,654 days of extra hospitalization. From $1.6 to $5.5
million in annual excess hospital costs were esti-
mated. The lower estimate of the effects of medica-
tion errors assumes that only the 8% of errors that
might have led to serious toxic reactions, inadequate
treatment, or death of the patient would have
resulted in ADEs. The higher estimate assumes that
the additional 18% of medication errors that involved
omitted drugs, duplicate orders, or incorrect infor-
mation also could have led to ADEs.
The model indicates that the implementation of a com-
prehensive medication delivery system designed to
detect and prevent ADEs could save up to 1,226 days
of hospitalization and $1.4 million in hospital costs
annually, even if it only prevented 26% of medication
errors. These savings reflect only direct hospital costs.
They do not include the additional costs of outpatient
care, disability, and malpractice awards associated
with ADEs. A recent study used the outpatient costs of
ADEs to a managed care provider to project that these
costs nationwide may be as high as $76.6 billion.16
This study has several limitations. It was undertaken
in only one teaching hospital in the Midwest.
Consequently, the results may not be entirely gener-
alizable to other hospitals with different medication
delivery systems and information systems. However,
the model is general. Therefore, error rates, ADE
rates, and cost estimates can be modified to fit other
institutions.
Medication error rates were determined by a 12-week
study on two medical/surgical units by clinical phar-
macists. However, resources were not available to per-
form chart audits or to investigate the actual adverse
drug events that occurred in the hospital during this
period. Consequently, we assumed that medication
errors classified as potentially serious or fatal, if not
detected and corrected, would have resulted in ADEs.
Moreover, we were unable to determine the exact
number of additional days of hospitalization that
occurred due to ADEs or the actual cost of the addi-
tional length of stay to the hospital. Instead we relied
on estimates from two major published studies.14,15
Despite these limitations, estimates of medication
error rates, ADE rates, and estimated costs due to
excess hospitalization are in line with those reported
in other major studies.
The study assumed that serious medication errors
would result in ADEs. In reality, some of these medica-
tion errors would have been corrected before the med-
ication was administered to the patient. It was also
assumed that errors at each stage had an equal chance
of resulting in an ADE. This is probably not correct, but
the exact proportions of errors at each stage that result
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in ADEs is not known. Also, the cost estimates in this
study underestimate the true costs of ADEs. Only
direct costs of hospitalization were estimated. Other
costs include outpatient care, disability, legal fees and
malpractice awards resulting from ADEs.
Errors occur at every stage of the medication delivery
system. Many result from systems failures and are
not detected by the typical hospital self-reporting
system. Moreover, this study indicated that system-
wide changes to the process are required to signifi-
cantly reduce medication errors in a hospital setting.
Preventive efforts that focus solely on a single stage
of the process have limited impact on the overall
error rate. Bates and others suggest that clinical
information systems that support the medication
delivery system should be carefully designed and
evaluated to ensure that they identify and prevent
medication errors that result in ADEs.50 Moreover,
clinical information systems need to be combined
with other prevention strategies to reduce ADEs even
more. Our simulation estimated that even a system-
wide implementation of information technology
would reduce medication errors and associated
ADEs by only about 26%. Studies indicate that sev-
eral other approaches could be used in addition to
the ones that we investigated.
One approach would be to significantly improve inci-
dent reporting of medical errors.20 Health care
providers need to be trained to recognize changes in a
patient’s medical condition that may indicate an ADE
and encouraged to report them promptly. Also, health
care institutions need to create an environment that
encourages the reporting of medication errors and
investigation of system features that contributed to
the error.51 Another promising approach is to more
fully incorporate clinical pharmacists into the provi-
sion of patient care.52 At one hospital the participation
of pharmacists in patient rounds on ICU units
reduced the rate of ADEs from 33.0 to 11.6 per 1,000
patient days, almost a two-thirds reduction.53 This
study demonstrates the importance of viewing
adverse drug events from a systems perspective.
We conclude that the traditional medical approach to
medication error prevention that relies on individual
detection and voluntary reporting is reactive and
largely ineffectual.54 If hospitals are to reduce med-
ication errors that lead to ADEs and associated
unnecessary costs and days of hospitalization, they
will have to recognize the multiplicity of reasons that
errors occur at each stage of the medication delivery
system. Computerized information systems are an
important means of detecting errors in time to take
corrective action to prevent ADEs. The results of this
study suggest that information systems are poten-
tially a cost-effective means of preventing ADEs in
hospitals, especially when coupled with other proven
prevention strategies. 
The authors acknowledge the assistance of Munir Shah, M.D.,
Michael Hamang, RPh, and the pharmacists in the Department of
Pharmacy Services at Methodist Hospital of Indiana for their assis-
tance in collecting the data for this study. 
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